cute pulmonary thromboembolism (APTE) is a lifethreatening condition that is often difficult to diagnose in routine clinical practice. It is usually confirmed by pulmonary angiography (PAG), 1 ventilation/ perfusion lung scintigraphy 2 or helical computed tomography (CT), 3 and the severity of APTE is often evaluated either by assessing the volume of the thrombus on PAG 1,4 or by measuring pulmonary artery pressure (PAP). It can also be evaluated non-invasively using electrocardiography (ECG) 5 or echocardiography (UCG). 6,7 On ECG, serial changes in negative T-waves are useful for evaluating the prognosis of APTE, 5 but the T wave can be influenced by a variety of factors, such as the severity and duration of the disease. UCG has been used to evaluate the right ventricular (RV) pressure overload in APTE, but although various UCG parameters, such as the pressure gradient calculated from tricuspid regurgitation (TR), 8,9 the RV end-diastolic dimension (RVDd) and RV function, have been used to evaluate the severity of APTE, the detection of a decrease in TR depends on the level of PAP. [11] [12] [13] Moreover, analysis of RV motion is actually required to precisely evaluate the RV dimensions or configuration. 14, 15 On the other hand, in patients with chronic cor pulmonale, several studies have demonstrated a close correlation between PAP and the ratio of acceleration time to RV ejection time (AcT/RVET) measured by pulsed Doppler Japanese Circulation Journal Vol.65, March 2001 UCG. [16] [17] [18] [19] [20] In the present study, we examined the serial changes in AcT/RVET in patients with APTE, from disease onset, and compared these findings with other simultaneously determined hemodynamic indices and PAG findings. In particular, we evaluated the relationship between AcT/ RVET and PAG findings after normalization of PAP.
Japanese Circulation Journal Vol.65, March 2001 the catheter was inserted via the right femoral vein). PAP was recorded during end-expiratory breath-holding and the average of 5-10 consecutive cardiac cycles was calculated. Cardiac output (CO) was measured by the thermodilution technique with a Swan-Ganz catheter using injection of iced saline solution. Total pulmonary resistance (TPR) was calculated as mean PAP (mPAP) / CO × 80 dyn·s·cm -5 . After a definitive diagnosis of APTE was established by PAG, recombinant tissue-type plasminogen activator or urokinase (UK) was infused into the major trunk of the pulmonary artery. Subsequently, 10,000-20,000 units/day of unfractionated heparin was continuously administered through a peripheral vein. When the mPAP failed to decrease to less than 20 mmHg after thrombolysis, an additional dose of 240,000 units/day of UK was administered intravenously combined with continuous monitoring of mPAP, until mPAP became less than 20 mmHg. If this did not happen within 1 week, the patient was excluded from the study. Anticoagulation therapy with warfarin commenced 5-7 days after thrombolysis. Bleeding persisted in 1 patient, necessitating the use of unfractionated heparin continuously without thrombolytic agents.
The time of measurement before and after treatment was defined by the following 2 phases: the acute phase was the time of hospital admission; and the chronic phase was the time when improvement of subjective symptoms occurred until New York Heart Association classification stage II, or TR findings disappeared on UCG, or pressure gradient diminished to less than 20 mmHg. The present study was conducted prospectively, and informed consent was obtained from all patients.
Pulmonary Angiography
A 7F balloon angiography catheter (Harmac Medical Products, Inc, Buffalo, NY, USA) was inserted into the major trunk of the pulmonary artery, then a total of 30-40 ml of non-ionic contrast medium was injected over 2 s. Digital subtraction PAG was performed in all patients and the findings were evaluated using 2 angiographic severity indices: UI, an objective angiographic severity index obtained by the UPET trial, 1 and MI, an angiographic index proposed by Miller et al. 4 The mean values of both indices were assessed by 2 physicians who were blinded to the results of UCG or measurement of PAP.
Pulsed Doppler Echocardiography
In both the acute and chronic phases, UCGs were obtained immediately before PAG and recorded in the same position and region in each patient. Three views (parasternal shortaxis view, parasternal RV outflow tract view and subcostal short-axis view) were visualized during the end-expiratory phase. Doppler patterns were continuously recorded on a strip chart recorder at a paper speed of 50 or 100 mm/s using 2-dimensional echocardiography units (Toshiba model SSH-60A or Aloka SSD-870, -2200) equipped with 2.5 or 3.5 MHz probe. The sample volume was carefully positioned just below the pulmonary valve in the middle of the RV outflow tract, and the Doppler angle between the ultrasound beam and the long axis of blood flow was adjusted to parallel blood flow (within 20°). 21, 22 Acceleration time (AcT) was defined as the time from the onset of RV ejection to the time of peak flow velocity, and the RV ejection time (RVET) was defined as the time between the onset and end of RV systolic flow velocity recording. From the 3 views recorded, the Doppler pattern that provided the highest velocity was selected, and the mean value was obtained from 3-4 consecutive heart beats for evaluation. The mean values were calculated by 2 physicians who were blinded to the clinical findings. There was a positive correlation between these 2 data sets (r=0.89, p<0.05).
Statistical Analysis
All data were expressed as mean ± standard deviation.
Differences between the acute and chronic phases were examined for statistical significance using analysis of variance. When continuous variables were normally distributed, the Student's t-test was used to test the significance of difference in the means for continuous variables between 2 phases. When the data were not normally distributed, the Wilcoxon signed-rank test was used for analysis. The relationships between PAG, angiographic index, and AcT/ RVET were assessed by linear regression in each phase. A p value less than 0.05 denoted the presence of a statistically significant difference. hospitalization, but this was not associated with a complete resolution of the thrombus and the AcT/RVET was persistently less than 0.3. Patient characteristics are shown in Table 1 . The exact time of onset of acute symptoms was not clear in 2 patients (Patients 2 and 15) and 2 patients (Patients 12 and 16) refused examination during the chronic phase. Accordingly, 4 patients were studied during one phase only. Acute phase data were obtained 4.4±3.7 days after the onset of symptoms, whereas chronic phase data were recorded 24.9±14.9 days after thrombolysis. The parameters during both phases are shown in Table 2 . Marked differences were noted in all parameters during hospitalization and treatment of APTE. In the acute phase, mPAP was less than 20 mmHg in all but 2 patients (Patients 11 and 13) and furthermore, only 2 patients showed less than 50% maximal angiographic severity indices (UI <9/18, MI <17/34). During the chronic phase, although mPAP was less than 20 mmHg in all patients, there was only 1 patient (case no. 6) in whom a complete resolution of the thrombus was confirmed and whose scores for both UI and MI were zero. The mean AcT/RVET improved from 0.24±0.04 to 0.34±0.09, but remained less than <0.5 in 13 of 14 patients.
Results

Fig 1 is a representative example of the PAG and Doppler pattern recorded at the RV outflow tract (Case 1). The mPAP and both angiographic indices decreased during
The relationship between the AcT/RVET and other parameters during each phase was examined. During the acute phase, AcT/RVET correlated with mPAP (r=-0.68, p<0.05) and TPR (r=-0.66, p<0.05), but not with the UI and MI-PAG indices (Fig 2A) . During the chronic phase, after normalization of mPAP, the AcT/RVET did not correlate with mPAP and TPR, but did correlate negatively with the PAG indices (UI: r=-0.65, p<0.05; MI: r=-0.76, p<0.05) (Fig 2B) . During both acute and chronic phases, mPAP did not correlate with either the volume of thrombus or both PAG indices.
Discussion
Several studies have reported that the peak of the Doppler waveform at the RV outflow tract appears earlier in patients with pulmonary hypertension and chronic cor pulmonale than in patients with normal PAP, and that AcT/RVET in the former group correlates negatively with mPAP. [16] [17] [18] [19] [20] [21] Although several possible mechanisms of these phenomena have been proposed, the major underlying mechanism has not yet been established. The proposed mechanisms include the waveform reflecting the ejection flow in peripheral pulmonary vessel in response to increased pressure, 16 turbulent flow caused by the presence of a dilated pulmonary artery (PA), 21 increased afterload because of reduced compliance of the PA, 18, 19 and involvement of the RV ejection fraction. 20 In the present study, we found a negative correlation between mPAP, TPR and AcT/RVET during the acute phase of APTE. During the chronic phase, although mPAP returned to normal levels (<20 mmHg) in all patients, the AcT/RVET was less than 0.5, not a dome-like contour, in 13 of 14 patients and there was no correlation between mPAP, TPR and AcT/RVET. Based on these results, we speculate that factors other than PAP influenced the Doppler patterns during the chronic phase of APTE.
The first reason for that conclusion is the effect of reflective waves from the residual thrombus. Because patients who continued to demonstrate symptoms over a prolonged period after the onset of APTE have been reported to respond more poorly to thrombolytic therapy, 23 the quality of the thrombus must vary according to the time from onset of APTE. That is, the residual thrombus, which is soft during the acute phase of APTE, becomes organized during the chronic phase of the disease, thus increasing the incidence of reflective waves.
The second reason is the presence of turbulent flow at the dilated RV outflow tract. In general, the RV and PA dilate with increased pressure, 24 but in patients with APTE, the RV dilation persists in 69% of patients even after 1 month of treatment. 25 Compared with pressure-induced morphological changes, normalization of anatomical changes takes a long time. Therefore, in APTE, we speculate that the size of the RV outflow tract does not correlate with pressure. Turbulent flow resulting from the dilated PA continues to be seen even after a reduction in the pressure overload. 21 On the other hand, respiration and the cardiac cycle influence the size of the RV and PA; therefore it is difficult to correctly estimate these 2 parameters. In our study, we did not measure the size of the RV and PA. The third reason for our conclusion is RV dysfunction. Because the recovery of RV function has been demonstrated to take 2 weeks and is more delayed than pressure recovery, 26 this phenomenon should also influence the AcT/RVET. 20 Our results showed positive correlations between AcT/ RVET and the PAG indices during the chronic phase of APTE (Fig 2B) . Moreover, Patient 6 showed zero scores for both PAG indices and had a AcT/RVET of 0.5. Therefore, among these 3 factors, the influence of the residual thrombus on AcT/RVET is considered to be more important than the size of the PA or factors related to RV dysfunction during the chronic phase of APTE. In canine experimental studies, Furuno and Nagamoto previously reported that PA outflow patterns in the presence of peripheral vascular constriction in PA apparently differed from those seen in central vascular constriction of the main PA even when the PAP changes were identical. 27 Therefore, we believe that the distribution and volume of the residual thrombus influences blood flow patterns. During the chronic phase of APTE, when PAP is normalized, it seems that the PAG indices show a significantly influence of blood flow patterns at the RV outflow tract, because these indices reflect the volume of the thrombus and blood flow in the parenchymal phase. However, we studied a small group of patients and could not evaluate the period from the acute to chronic phase.
With regard to vessel compliance during the chronic phase, our results showed that TPR did not correlate with AcT/RVET, although AcT/RVET is known to correlate with pulmonary vascular resistance (PVR). 19, 27 In general, PVR is calculated as {(mPAP -pulmonary capillary wedge pressure (PCWP)) / CO} × 80 and TPR as (mPAP / CO) × 80. Unfortunately, we could not properly evaluate the relationship between AcT/RVET and PVR because PCWP was recorded in only 9 cases. Analysis of the obtained data from these cases showed that PCWP was not high and the calculated PVR did not correlate with AcT/RVET (r=-0.34; p>0.05). Therefore, the angio index, 'distribution and amount of residual thrombi' is considered to be the more important factor in determining AcT/RVET than vessel compliance.
Our results showed that PAP did not correlate with the PAG indices during either the acute or chronic phase. In 18 APTE patients, Kasper and colleagues showed a weak correlation (r=-0.61, p<0.05) between PAP and UI during the acute phase. 24 However, it has also been reported that pressure produced by the RV in patients free of cardiopulmonary disease is limited, and the systolic pressure reaches a plateau, but does not exceed 40 mmHg. 28 Apart from the effect of the volume of thrombus, hypoxic pulmonary vasoconstriction (HPV) and dilation of the PA and RV are important factors that contribute to changes in PAP. Therefore, PAP and thrombus volumes are 2 separate factors and do not respectively correlate as a single factor.
As described before, when qualitative changes in the thrombus occur during the chronic phase of APTE, PAP can not be evaluated by the PAG indices because the quality of thrombus can not be assessed by these indices. Moreover, it has been reported that, in contrast to APTE, PAP in patients with chronic thromboembolism (CPTE) could not be evaluated by reduced vascular bed alone assessed by perfusion scintigraphy. Apart from the diminished vascular bed, chronic changes in the PA wall and organization of the thrombus influence PAP, 29 which adds further support to the conclusions of the present study.
Previous studies have demonstrated that the RV dimensions and wall motion abnormalities influence the prognosis of APTE. 6, 7, 21, 30 However, a precise and reproducible analysis of APTE is difficult to perform in many community hospitals. Although not previously reported, the residual thrombus may induce a second episode of thrombosis and thus might influence the recurrence or prognosis of APTE. Therefore, it is reasonable to consider that a complete cure of APTE only occurs when a complete resolution of the thrombus becomes apparent.
PAG is considered as the most specific, sensitive and safest method for evaluating the severity of thrombosis and assessment of the effect of thrombolytic therapy, 1, 4, 14, 31, 32 but it has several limitations, including the risk of bleeding, inability to perform the test at the bedside and exposure to radiation with repeated PAG. Therefore, substitution of PAG with Doppler echocardiography would be clinically very useful. Although many reports have evaluated AcT/RVET and PAP, those studies did not assess the process of recovery of RV morphology and function after treatment of APTE. [16] [17] [18] [19] [20] In the present study, PAP could not be evaluated by AcT/ RVET in patients with APTE, but our results showed that AcT/RVET could be a clinically useful index for evaluating the residual thrombus in patients with APTE after treatment following normalization of PAP. Such assessment is not only suitable for hospitalized patients, but could be also used in the outpatient clinic to assess the effect of anticoagulant therapy.
Study Limitations
The PAP was greater than 40 mmHg in some of the patients enrolled in this study and these patients might represent 'subacute' cases. However, in all patients, mPAP returned to normal levels (<20 mmHg) before hospital discharge. Therefore, all patients were considered as nonchronic cases and were included in this study.
In the present study, clinical remission of APTE was achieved by medical treatment in all patients, and cases in whom treatment was unsuccessful were excluded from the study. Patients who failed to respond to thrombolytic therapy were considered to be those with a long period between onset of APTE and initial consultation 23 or recurrent cases of CPTE. The compliance of the RV and PA walls in such patients is likely to be different from that in the acute cases described in this study, and therefore, we studied only patients who showed a favorable response to therapy.
Although most patients enrolled in this study were females, to our knowledge there are no published reports that have described gender-based differences in RV outflow tract patterns. Therefore, we believe it is reasonable to generalize the present results to both males and females.
The present study evaluated the clinical course only during hospitalization. It may be useful to evaluate the post-treatment course of APTE by following the recovery process after discharge, and long-term follow-up studies (more than several years) are therefore necessary.
Conclusion
A few studies have previously measured AcT/RVET in acute cor pulmonale. To our knowledge, however, there are Japanese Circulation Journal Vol.65, March 2001 no studies that have evaluated the changes occurring during the course of treatment of APTE, a typical form of acute cor pulmonale. Our study is therefore the first to evaluate AcT/RVET in APTE. Although our results showed that AcT/RVET could not be used as an index of PAP during evaluation of the effects of therapy or in follow-up studies, AcT/RVET correlated negatively with the residual thrombus. This suggests that AcT/RVET might be a useful noninvasive index in APTE follow-up studies as an alternative to PAG.
